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Cranial neural crest cell migration is patterned, with neural crest cell-free zones adjacent to rhombomere (R) 3 and R5.
These zones have been suggested to result from death of premigratory neural crest cells via upregulation of BMP-4 and Msx-2
n R3 and R5, consequent to R2-, R4-, and R6-derived signals. We reinvestigated this model and found that cell death
etected by acridine orange staining in avian embryos varied widely numerically and in pattern, but with a tendency for an
levated zone centered at the R2/3 boundary. In situ hybridization of BMP-4 mRNA resolved to centers at R3 and R5 but
sx-2 resolved to the R2/3 border with only a faint smear from R5 to R6. Outgrowth of neural crest cells was less in isolated
3 cultures than in R112, R2, and R4 cultures, but R3 showed neither a decrease in outgrowth of neural crest cells nor an
ncrease in cell death when cocultured with R112, R2, or R4. In addition, in serum-free culture, exogenous BMP-4 strikingly
educed neural crest cell outgrowth from R112 and R4 as well as R3. Thus we cannot confirm the role of intraneural cell
eath in patterning rhombomeric neural crest outgrowth. However, grafting quail R2 or R4 adjacent to the chick hindbrain
emonstrated a neural crest cell exclusion zone next to R3 and R5. We suggest that one important pattern determinant for
hombomeric neural crest cell migration involves the microenvironment next to the neural tube. © 1999 Academic PressKey Words: neural crest cell; migration; cell death; rhombomere.
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One of the major sources of cells for the construction of
the craniofacial region of vertebrates is the cranial neural
crest (Le Douarin, 1982). Neural crest cells of the hindbrain
migrate laterally and ventrally to populate the branchial
arches which contribute tissue to construct the face, thy-
mus, and parathyroid glands; the hyoid apparatus; and the
cardiac outflow tract. Early craniofacial development, in-
cluding the role of the neural crest, is highly conserved in
higher vertebrates at tissue, cell, and molecular levels, with
morphogenesis studied in most detail in avian embryos
(Newgreen, 1992; Thorogood, 1997). Neural crest cell out-
growth from the neural tube along the length of the trunk
occurs in a continuous fashion, only becoming segmented
distally when the cells encounter the somites (Rickmann et
al., 1985; Bronner-Fraser, 1986; Krull et al., 1997). In con-
trast, neural crest cell outgrowth from the hindbrain is
punctuated by regions that are devoid of migrating cells
(Fig. 1; Holmdahl, 1928; Tello, 1947; Anderson and Meier,
1981). The neural tube at hindbrain level is segmented into
70hombomeres (Lumsden and Keynes, 1989; Mu¨ller and
’Rahilly, 1997). There are two zones of apparent “no exit”
or neural crest cells at R3 and R5. Sharply delineated
irdles of neural crest cell-free tissue adjacent to rhom-
omere (R) 3 and R5 extend down to the branchial arches
hile adjacent to R1, R2, R4, and R6, neural crest cell
utgrowth is plentiful (Lumsden et al., 1991).
The crest-free zones are thought to be important for
attern formation or pattern maintenance in the neural
rest-derived tissues, including the branchial arches. Ros-
rocaudal positional identity is established early in the
hombomere series and is suggested to be exported to the
eriphery by neural crest cell migration (Hunt et al., 1991;
Graham, 1992). Such a scheme would not only confer
rostrocaudal order to the periphery (Noden, 1983) but also
ensure the later matching of neural and effector coupling in
the innervation of the facial and pharyngeal regions (see
Lemke, 1996). The unique positional identity of each
branchial arch is dictated in part by its neural crest compo-
nent, which originates from a specific rhombomere (Lums-
den et al., 1991; Birgbauer et al., 1995; Noden, 1983). It is
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71Migration and Death of Hindbrain Neural Crest Cellspossible that the regions devoid of neural crest cell out-
growth function to eliminate positional confusion by insu-
lating each branchial arch from spillover from neural crest
cells with a different positional identity, as defined by
rhombomeric origin.
Despite the attractiveness of this scenario, doubts have
recently been expressed as to the maintenance of positional
information in some of the hindbrain neural crest (Saldivar
et al., 1996) and transfer of this information to adjacent
tissues (Couly et al., 1998). Moreover, in the frog Xenopus,
eural crest streams from the hindbrain do not mix despite
he absence of crest-free regions in this species. In this case
eparation is based on the differential expression of Eph
eceptors and their ligands in adjacent neural crest cell
treams (Smith et al., 1997). Physical separation is therefore
ot an absolute requirement in all vertebrates for preserva-
ion of spatial order of hindbrain neural crest outgrowth.
Thus, while the existence and location of crest-free zones
s firmly established their function is obscure and the
echanism by which they are created is contentious.
levated levels of cell death have been reported in the
remigratory neural crest of R3 and slightly later in R5
Graham et al., 1993). These rhombomeres produce very
ew migratory neural crest cells and a reasonable assump-
ion is that the latter is a consequence of the former. A
trong case has also been made that this contributes to the
bserved crest-free zones adjacent to these rhombomeres
Graham et al., 1993). However, a less extreme and much
roader increase in neural crest cell death centered over, but
ot confined to, R2 has been reported (Jeffs et al., 1992).
ther reports describe migration of neural crest cells origi-
ating from R3 and R5, with these cells previously unde-
ected because they migrate rostrally and caudally within or
long the neural tube to contribute to the crest cell output
rom adjacent rhombomeres R2, R4, and R6 (Kulesa and
raser, 1998; Sechrist et al., 1993; Birgbauer et al., 1995).
Graham et al. (1993) found that all rhombomeres could
roduce numerous migratory neural crest cells, but for R3
nd R5 this occurred only when they were transplanted or
ultured in isolation from their even-numbered neighbors.
n contrast, R3 or R5 produced increased dead cells and few
igratory neural crest cells when explanted in combination
ith even-numbered rhombomeres, whose neural crest cell
utput was undiminished. This suggested that a signal
asses from the even- to the odd-numbered rhombomeres
hich instructs neural crest cell death and decreases mi-
ratory cell output in the latter but not the former. The
olecular underpinning of this has also been investigated.
xpression of mRNA for BMP-4 has been reported to be
teeply upregulated in the neural crest within R3 and R5
uring early cephalogenesis (Graham et al. 1994). Likewise,
xpression of the Msx-2 transcription factor is also reported
o increase within the boundaries of R3 and R5 (Graham et
l., 1993). Msx-2 expression correlates with other sites of
ell death, such as the interdigital region in the developing
hick limb (Nohno et al., 1992), and transfection of Msx2 in
odel systems mimics BMP-4-induced cell death (Marazzi
p
c
Copyright © 1999 by Academic Press. All rightt al., 1997). The increase in BMP-4 expression is thought to
e directly involved in the increased cell death which
ccurs in neural crest cells found in R3 and R5 (Graham et
l. 1994). This is based on in vitro assays in which exog-
nous BMP-4 can substitute for the ability of even-
umbered rhombomeres to upregulate Msx-2 expression,
ncrease cell death, and reduce neural crest cell outgrowth
n R3 and R5, while having no effect on even-numbered
hombomeres. Upregulation of BMP-4 mRNA in the hind-
rain is zonal (Graham et al., 1994) although BMP-4 is also
resent in other regions of the neural tube (Liem et al.,
995; Monsoro-Burq et al., 1996). However, outside of R3
nd R5 its role seems quite different from induction of
rogrammed crest cell death since it actually increases the
utgrowth of migratory neural crest cells from trunk neural
pithelial explants (Liem et al., 1995). It appears from
raham et al. (1993) that at or just before the initiation of
eural crest cell migration and maximum cell death, the
sx-2 hybridization signal is not contained within the R3
oundary but is predominantly within R2 and over the next
ew hours expands across R3 and over the rostral boundary
f R4. Caudally, the expression of Msx-2 in R5 actually
ppears centered within R6. Msx2 can also be detected
long the entire dorsal neural tube (Monsoro-Burq et al.,
996).
Against the background of the highly patterned,
hombomere-specific neural crest outgrowth, we reinvesti-
ated the pattern and regulation of cell death in, and cell
igration from, the avian neural crest. We report that there
s a poor correlation between the highly variable pattern of
ell death in the premigratory neural crest and the precisely
atterned and consistent neural crest cell migration
hrough the lateral aspect of the developing head. The
istribution patterns of BMP-4 and Msx-2 were slightly
iscordant; the former coalescing equally at R3 and R5, but
he latter seemed centered at the R2/3 boundary and at very
uch lower levels around R5 and R6. Further, we found no
vidence in vitro of a trans-rhombomere cell death signal
manating from even-numbered rhombomeres and acting
n odd-numbered rhombomeres. Nor did we detect differ-
ntial susceptibility of neural crest cell outgrowth or cell
eath from odd- and even-numbered rhombomeres to in
itro BMP-4 treatment. Using rhombomere grafts we have,
owever, detected the presence of a neural crest cell exclu-
ion zone adjacent to R3 and R5 in vivo that directs
igrating cells rostrally and caudally of this region. We
uggest that the loss through programmed cell death of
pecific neural crest cells in the dorsal neural tube is only
art of the mechanism for creating differences in the
umerical output of neural crest cells at different rhom-
omere levels and is unlikely to be responsible for the
xquisite spatial patterning of the outgrowth. We further
uggest that the mechanism of pattern formation in the
igrating cranial neural crest cell populations involves
ignals in sharply delineated regions of the developing
eripheral (nonneural) cranial tissues which deter all neural
rest cells from entering.
s of reproduction in any form reserved.
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72 Farlie et al.MATERIALS AND METHODS
Cell death labeling. Chicken (Gallus gallus) and quail (Cotur-
nix coturnix japonica) eggs were incubated for 38–40 h at 38°C and
embryos of 6 to 12 somites age were collected. Whole embryos
were incubated in Ham’s F12 with 5 mM acridine orange for 15 min
at 38°C, washed twice in Ham’s F12, and then mounted on
coverslips. Additional embryos were labeled with FITC using the
TUNEL method (Boehringer Mannheim) as recommended by the
manufacturer’s instructions except that the incubation times were
increased to 2 h to increase signal intensity. Embryos were photo-
graphed with a Zeiss IM-35 fluorescence microscope using filters
00 (Texas red) and 09 (FITC)and 43 and 103 objectives, a Nikon
601M camera, and Kodak EPH ISO1600 film.
Neural crest HNK-1 labeling. Many of the above embryos
ere then fixed for 15 min to 10 h in 4% paraformaldehyde (PFA)
n PBS, washed in PBS, and quenched in 100 mM glycine in PBS. All
issue ventral to the pharynx was excised and the dorsal piece was
hen labeled overnight at 4°C with HNK-1 monoclonal antibody
upernatant diluted 1/10 in 0.1% Triton X-100 in 10 mg/ml BSA in
BS. After extensive washes in PBS over at least 6 h, the tissues
ere then similarly labeled with goat anti-mouse IgG plus M:FITC
r Texas red (1/100; Jackson Immunoresearch). These whole
ounts were washed extensively as before and then mounted in
00 mM DABCO in PBS or in Bio-Rad FluoroGard and observed as
bove with filters 00 (Texas red) and 09 plus accessory filter KP560
FITC).
In situ hybridization. Chicken and quail embryos of 6–13
omites age were fixed in PFA overnight as above then processed
or in situ hybridization essentially as described in Thomas et al.
(1998). Probes for chick BMP-4 (Francis et al.,1994) and quail Msx-2
(Takahashi and Le Douarin, 1990) were supplied by P. Brickell and
A.-H. Monsoro-Burq, respectively. Both probes recognize chicken
and quail species effectively. Alkaline phosphatase activity was
detected using 4-nitroblue tetrazolium chloride and 5-bromo-4-
chloro-3-indolyl phosphate (Boehringer Mannheim). Embryo heads
were then mounted as for the HNK-1 specimens and photographed
on an Olympus IX-70 microscope and 103 objective, Nikon 601M
camera, and Kodak EPH ISO1600 or EPT160T film.
Rhombomere dissection. Chicken and quail embryos of 9–11
somites age were collected. Heads were incubated in 2 mg/ml
Dispase II (Boehringer Mannheim) in Ham’s F12 for 15 min at room
temperature. Tissue adjacent to the neural tube was then removed
with dissecting needles and the neural tube was transected at
rhombomere boundaries, which become more clearly delineated
after Dispase treatment. A small tongue of epidermis, which was
continuous with the dorsal neural tube, remained attached. R1 and
R2 were generally isolated together (R112) because the demarca-
tion is indistinct at this stage, although in some cases, R2 (rostral
border estimated) was obtained alone. This combined rhombomere
is sometimes referred to as rhombomere A1 (Jeffs et al., 1992). R3
was similarly isolated, but because the R4/5 boundary was indis-
tinct at this stage, the R4 explant could have included a small part
of R5. We did not attempt to isolate R5 because of its indistinct
borders. In addition we dissected rhombomere pairs consisting of
R213 and R314 and also R21314. The number of cells in the
issected rhombomeres was assessed at this time by passing them
rom Dispase through calcium and magnesium-free Hanks’ bal-
nced salt solution (CMF-HBSS) into standing drops (in 3-cm
acteriological plastic dishes; Sarstedt) of the same solution with 1
M EDTA and 4 mM ethidium homodimer solution plus 2 mM
alcein AM (Live/Dead reagent; Molecular Probes) for 30 min at
Copyright © 1999 by Academic Press. All right8°C. Volumes were 20 ml per R112, 10 ml per R3 and R4. After
igorous trituration, live and dead cells were counted in a hemo-
ytometer chamber using a Zeiss IM-35 inverted fluorescence
icroscope fitted with filters 09 for live cells and 00 for dead cells
r an Olympus IX-70 with selective filters.
Averaged from 14 quail embryos, dissected R112 contained
829 6 1622 live cells with 2.2% dead cells. R3 contained 1846 6
095 live cells with 0.8% dead cells (n 5 14). R4 contained 2002 6
91 live cells with 0.4% dead cells (n 5 9). The variation in cell
umbers in the dissected rhombomeres partly reflects inexact
utting at boundaries, but is also due to the very rapid growth and
evelopment of these regions. There are obvious differences in size
nd neural tube morphogenesis over the 9- to 11-somite stages and
lso minor differences in neural tube morphology between different
ndividuals of the same somite number.
Isolated rhombomere cultures. For isolated rhombomere cul-
ures, essentially the method of Graham et al. (1994) was used.
ibronectin (Boehringer Mannheim) at 20 mg/ml in F12 was ad-
orbed to 3-cm bacteriological plastic dishes for 3 h at 38°C before
eing washed off with F12. The fibronectin solution was placed as
tanding drops of 60 ml for R112, 15 ml for R3, and 20 ml for R4
xplants, with 3 to 7 drops per dish; the position of each drop was
utlined in marker pen on the underside of the dish. The rhom-
omeres were placed in 1 ml of culture medium of F12 supple-
ented with 100 mg/ml BSA (Sigma) with or without 10 ng/ml
BMP-4 (Genetics Institute), then individual rhombomeres were
transferred in this culture medium (60 ml for R112, 15 ml for R3,
and 20 ml for R4) to the appropriate sites in the fibronectin-coated
dishes. The differences in volume were designed to compensate for
the different cell numbers in the different rhombomere explants.
The separate rhombomeres were grown for 24 h at 38°C in a
humidified incubator. As controls for this unsupplemented me-
dium, we also established similar cultures in medium containing
10% FCS (Trace Bioscientific) or 1% N1 supplement (Bottenstein
et al., 1980).
After 24 h in vitro, a tenth of the original volume of F12 plus 103
Live/Dead (as above) was added to each standing drop for 15 min at
38°C and the explant photographed with the fluorescence micro-
scope as above. Each standing drop was then triturated three times
with a yellow pipette tip and the nonadherent live and dead cells
were counted in a hemocytometer. The remaining medium was
then removed, and the adherent explant was gently washed three
times in F12 and then reincubated in the original volume of
CMF-HBSS with 0.01% trypsin plus 2 mM EDTA for 15 min. This
was then triturated to detach all cells, and these were then counted
in a hemocytometer, as a measure of the attached cells.
Rhombomere cocultures. Rhombomere cocultures were estab-
lished by prelabeling isolated rhombomeres with 20 mM CMFDA
ellTracker, 1 mM calcein AM (both green fluorescence), or 4 mM
P-DiI C18(3) (red fluorescence) (Molecular Probes) in DMEM for 30
in at 38°C. After being washed three times in culture medium for
0 min, each labeled R3 was explanted in contact with an alternate
olor-labeled R112, R2, or R4 into fibronectin-coated 3-cm bacte-
iological plastic dishes. Similar but unlabeled cultures of rhom-
omere pairs R213, R314, and R21314 were established. These
ere aligned so that the interrhombomeric boundary lay across
ines inscribed in the plastic culture surface. Culture medium
onsisted of 10% FCS in DMEM (see Graham et al.., 1993). Initially
00 ml of medium was added; this is sufficient to keep the explants
wet while insufficient for them to drift apart before they attach to
the dish. After 2 h at 38°C in a humidified incubator, an extra 200
ml of medium was added and incubation continued for 24 h. As
s of reproduction in any form reserved.
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73Migration and Death of Hindbrain Neural Crest Cellscontrols the same rhombomeres were also cultured in isolation,
and in addition, combination explants of two R1129s or two R49s,
one labeled with CMFDA, were also set up. The rhombomere
cocultures were labeled after 24 h for dead cells by addition of
ethidium homodimer (4 mM final conc; Molecular Probes) or DAPI
FIG. 1. Light (left) and HNK-1 fluorescence (right) micrographs of
embryos, with rhombomeres numbered. Neural crest emigration
zones (arrows) adjacent to rhombomeres 3 and 5 at early (a) and la0.2 mg/ml final conc) to each dish for 30 min, then photographed as
above.
Copyright © 1999 by Academic Press. All rightFluorescent labeling of cultures. The cultures were fixed for
15–30 min or overnight in 4% paraformaldehyde in PBS, washed in
PBS, and quenched in 100 mM glycine in PBS. To stain neural crest
cells, some cultures were labeled overnight with HNK-1 monoclo-
nal antibody supernatant diluted 1/5 in 10 mg/ml BSA in PBS. After
le mounts of the hindbrain of 10-somite (a) and 12-somite (b) quail
led by HNK-1 labeling (red) shows the sharply defined crest-free
) migration stages.whoextensive washes in PBS, the cultures were then labeled with
donkey anti-mouse IgM: biotin (1 h, room temperature, 1/100)
s of reproduction in any form reserved.
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74 Farlie et al.followed by streptavidin:AMCA (1 h, room temperature, 1/100);
both reagents were from Jackson Immunoresearch. These cultures
were then postfixed in 0.1% PFA. Rhombomere cultures were also
labeled for apoptotic cells by the TUNEL method to couple FITC to
DNA cleavage sites (Boehringer Mannheim kit), as described by the
manufacturer. These labeled cultures were then photographed as
above.
Rhombomere grafts. Isolated R4 and R2 were obtained from 11
omite quail embryos and labeled with CMFDA as above. These
ere then implanted directly next to the hindbrain of 8- to
0-somite chick embryos without removing any existing rhom-
omeres. To do this, after opening the shell, the yolks of fertile
hick eggs were raised by injection of PBS into the albumen and the
mbryos were visualized by subblastodermal injection of India ink
iluted 1/10 in PBS. The vitelline membrane was reflected over the
indbrain and the rhombomere graft introduced into a small
uncture in the epidermis made with the fine glass pipette used to
ransfer the graft. Several embryos were punctured with the pipette
o assess the wound healing response. The yolk was then lowered
y removal of excess fluid and the egg sealed with adhesive tape.
ncubation was continued for 3–8 h at 38°C, then the embryo was
etrieved. Grafts were monitored immediately by observing CM-
DA fluorescence as above. Embryos were then fixed in PFA and
mmunolabeled as whole mounts as above for the quail marker
CPN supplied by the Developmental Studies Hybridoma Bank.
his was used at 1/50 dilution of supernatant overnight, followed
y secondary FITC or Texas red-conjugated antibody as above. In
ome cases, after primary labeling the specimens were refixed in
% PFA for 10 min, then relabeled with HNK-1 followed by the
lternative fluorophore-conjugated antibody secondary to that used
or labeling the QCPN (see above).
RESULTS
Migration and cell death in the dorsal neural tube.
Labeling of migrating neural crest cells in quail whole
mounts with HNK-1 (n 5 15) gave entirely reproducible
results which emphasized the crest cell-free zone opposite
R3 and R5 (Fig. 1). Chicken whole mounts (n 5 6) gave
imilar results but background labeling was more intrusive
nd the HNK-1 epitope seemed to appear later (i.e., at a
oint farther from the migration start point) than in quail.
uail (n 5 42) and chicken (n 5 17) embryos of between 7
nd 13 somites were collected and stained for cell death
sing acridine orange. Dead cells were clearly visible as
right red dots along the dorsal surface of the neural tube
nd elsewhere. In contrast to the HNK-1 results, the pattern
nd number of acridine orange-stained cells was highly
ariable in embryos of all ages and at all axial levels along
he neural tube. Embryos of the same somite number
ooled together into one dish and stained with acridine
range demonstrated drastically different numbers and dis-
ribution of stained cells. Clearly delineated foci of cell
eath were almost never observed. However, a maximum of
abeling appeared within the dorsal hindbrain centered at
he R2/3 border, but this was by no means sharp or even
etectable in all embryos (Fig. 2). In addition, a trail of
abeled cells could often be followed laterorostrally on each
o
A
Copyright © 1999 by Academic Press. All rightide extending from the midline group at R2, producing a
-shaped pattern. TUNEL whole mounts gave a similar
attern, although fewer labeled cells were seen (data not
hown).
In situ hybridization for BMP-4 and Msx-2. Expression
FIG. 2. Light (left) and acridine orange (right) micrographs of
hindbrain whole mounts of 12-somite quail embryos. Note the
variation from few (a) to numerous (b) acridine orange-stained dead
cells between embryos labeled in the same batch. However, dorsal
midline labeling tends to be centered on the R2/3 boundary.f BMP-4 mRNA was examined in chick embryos (n 5 13).
t the 6-somite stage, before rhombomere boundaries can
s of reproduction in any form reserved.
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75Migration and Death of Hindbrain Neural Crest Cellsbe discerned, the BMP-4 probe hybridized chiefly to a length
f the hindbrain. Over the next three somite stages this
treak gradually coalesced to form two dense areas centered
n R3 and R5, with a lesser labeling in adjacent regions (Fig.
). Expression of Msx-2 mRNA was examined in chick
mbryos (n 5 18). The Msx-2 probe initially labeled a region
imilar to BMP-4, and by 8 somites this also coalesced.
lose examination showed that the Msx-2 staining was
lightly different spatially from that of BMP-4, in that the
ostral area was centered at the R2/3 border. A more caudal
enter could also be discerned in some specimens but this
as centered at R5 and R6 and was very much less intense
han the R2/3 center (Fig. 3).
Cell migration and cell death from single and cocultured
hombomeres. Rhombomeres (quail R112 or R2, n 5 27;
3, n 5 32; R4, n 5 21; chick R3, n 5 3; R4, n 5 3)
relabeled with DiI, calcein AM, or CMFDA, behaved
imilarly to unlabeled rhombomeres when explanted on
bronectin in serum-containing medium (as used in Gra-
am et al., 1993) or N1-containing medium. The behavior
f quail and chick explants was similar and varied with the
FIG. 3. In situ hybridization for Msx-2 and BMP-4 in the hindbra
crest cell migration. Note that maximal BMP-4 expression in the d
Msx-2 signal occurs in the dorsal neural tube over the R2/3 bounda
boundaries.hombomere of origin. At 20–24 h in vitro, R3 consisted of
a knob of central explant grading into a flat neural epithe-
Copyright © 1999 by Academic Press. All rightium similar to that described for early trunk neural epithe-
ium in Newgreen and Minichiello (1995), with a small
umber of mesenchymal neural crest cells at the periphery.
hese were mostly HNK-11 as reported previously for
runk neural crest cells in culture (Newgreen et al., 1990).
xplants of R112, R2, and R4 showed a similar central
nob but with a sharp border and surrounded by very large
umbers of neural crest cells, the neural epithelium being
bsent. All explants showed variable-sized islands of epider-
al ectoderm. A clump of dead cells was detected by
thidium homodimer and TUNEL labeling in the central
ass of R112 and R2 explants (Fig. 4a), but very few dead
ells were detected in R3 and R4 explants under these
onditions (Figs. 4b, 5a, and 5b). However, small foci of cell
eath occurred clustered around the rare crystals of SP-DiI
n some explants (Fig. 5b).
Labeled R3 fused with unlabeled or alternatively labeled
112, R2, or R4 in culture (quail n 5 21, chick n 5 5), but
the labels showed virtually no interrhombomeric cell mix-
ing in the explant (Fig. 5c). No reduction of migrating
R3-derived mesenchymal neural crest cells was observed in
chick embryos at the stages around the commencement of neural
l neural tube coalesces to two areas centered over R3 and R5, but
th very little signal at R5. Arrows indicate numbered rhombomerein of
orsacombination cultures compared to isolated R3 cultures
(Figs. 4 and 5). To test whether the lack of interrhombo-
s of reproduction in any form reserved.
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76 Farlie et al.meric crest cell mixing was due to incompatibility of neural
crest cells of unlike rhombomeric origin, fusion cultures of
one labeled and one unlabeled identical rhombomeres (R4/
R4; n 5 4) were produced. The mesenchymal cell out-
growths in these cultures also demonstrated relatively little
mingling of cells emanating from adjacent rhombomeres
(data not shown). Ethidium or DAPI labeling of live cultures
and TUNEL staining of fixed cultures demonstrated that
there was no increase in cell death in R3 in combination
with R112 (Fig. 4c) or R4 (Fig. 5c).
Cocultured rhombomere pairs or triplets, in which the
FIG. 4. Fluorescence micrographs of 9- to 10-somite quail embryo
2 (a) shows many ethidium-labeled dead cells (red), mostly in the
ith CMFDA (green) shows few ethidium-labeled dead cells (red)
oculture of R2 with prelabeled R3 (green) shows no increase in n
n the isolated rhombomere cultures.rhombomeres retained their original continuity, were also
established. These were labeled for cell death with
1
t
Copyright © 1999 by Academic Press. All rightethidium homodimer and with TUNEL as above. Combi-
nations of R213 (n 5 5), R314 (n 5 5), and R21314 (n 5 3)
showed no difference in the pattern of cell death from that
seen in the recombination and isolated rhombomere cul-
tures; in particular no aggregation of cell death was seen in
the region corresponding to the R3 moiety (not shown).
Cell migration from isolated rhombomeres in the pres-
ence of BMP-4. Microsurgically isolated rhombomeres
(quail R112, n 5 17; R3, n 5 17; R4, n 5 19; chick R112,
5 9; R3, n 5 8; R4, n 5 9) were explanted onto fibronectin
ubstrates in unsupplemented medium (see Graham et al.,
bomeres cultured for 1 day in serum-containing medium. Isolated
al explant (micrograph of living culture). Isolated R3 (b) prelabeled
e explant and surrounding cells (micrograph of living culture). (c)
r or distribution of dead cells (red) in R3 compared with that seenrhom
centr
in th
umbe994). These produced migrating mesenchymal cells over
he first day in culture. All of these cells resembled neural
s of reproduction in any form reserved.
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77Migration and Death of Hindbrain Neural Crest Cellscrest cells and labeled with the neural crest marker anti-
body HNK-1. The number of these cells varied dramatically
with the rhombomere of origin, with R3 producing the
fewest cells and R4 the most cells relative to the starting
cell number (Fig. 6). This resembled the outcome of single
rhombomeres in serum medium (see above), but the ex-
plants were markedly smaller, with no spreading neural or
epidermal epithelium. Unlike the rhombomeres cultured in
serum-containing medium (see above), numerous dead cells
(estimated from ethidium counts as more than a third of the
starting cell number) were detected in the explant itself and
in the medium, as well as scattered among the migrating
mesenchyme cells. BMP-4 (10 ng/ml) in the culture me-
dium induced a slightly less flattened shape to the outgrow-
ing mesenchymal neural crest cells and profoundly reduced
the number of these cells in rhombomere cultures (quail
R112, n 5 17; R3, n 5 12; R4, n 5 17; chick R112, n 5 9;
3, n 5 10; R4, n 5 9). This reduction was broadly similar
n all rhombomeres (Figs. 6 and 7). Counts of these cells
ndicated that BMP-4 additionally increased the number of
nattached cells in the medium, some of which were still
FIG. 5. Isolated R4 (a) prelabeled with calcein AM (green; living c
Isolated R3 (b) prelabeled with DiI (red; living culture) also showed
dead (green) cells in this explant are all surrounding DiI crystals (ar
R4 prelabeled with calcein AM (green; living culture) showed no u
fixation) in the R3 moiety.live. BMP-4 had no major effect on isolated rhombomeres
ultured in the presence of 10% FCS (R112, R3, and R4
a
o
Copyright © 1999 by Academic Press. All rightach n 5 8) or N1 (R112, R3, and R4 each n 5 3)
upplements (data not shown).
Neural crest cell migration from R4 grafts adjacent to
he hindbrain. R2 and especially R4 produce dispropor-
ionately large amounts of neural crest cell outgrowth in
itro relative to R3 (see above). We therefore sought to
etermine if R2 and R4 grafted adjacent to R3 would still be
apable of producing a significant outgrowth in vivo.
hicken embryos harboring CMFDA-labeled quail R4 or R2
rafts (n 5 12) were examined 3–8 h postengraftment for
eural crest cell outgrowth using vital staining and a
uail-specific antibody. Grafts of R2 or R4 positioned adja-
ent to R2 or R4 (n 5 4) produced outgrowths that moved in
direction roughly perpendicular to the axis of the neural
ube (Fig. 8a). In contrast, R2 or R4 grafts placed adjacent to
3 consistently produced outgrowths that deviated from a
ine perpendicular to the axis of the neural tube. In various
rafts the outgrowth either moved parallel and adjacent to
he host neural tube, eventually turning laterally once
djacent to R4 (n 5 4) or moved in a split stream (Figs. 8b
nd 8c), straddling the area adjacent to R3 (i.e., in both R2
re) shows few TUNEL-labeled dead cells (a9, green; after fixation).
TUNEL-labeled dead cells (b9, green; after fixation). The clumps of
). (c) Coculture of R3 prelabeled with DiI (red; living culture) with
lation of the number of TUNEL-labeled dead cells (a9, green; afterultu
few
rowsnd R4 outflow paths) (n 5 3). In no case was an outgrowth
bserved moving in a path perpendicular to R3. One graft of
s of reproduction in any form reserved.
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78 Farlie et al.R4 adjacent to R5 (on the ventrocaudal side of the otocyst)
also produced a split outgrowth which entered the R4 and
R6 outflow paths but did not enter the region adjacent to R5
(Fig. 8d). In this case the cells which moved rostrally passed
around the ventral border of the otocyst and entered the R4
FIG. 6. Fluorescence micrographs of isolated calcein AM-labele
edium with or without BMP-4 (10 ng/ml). Note that the outgrow
hat from neighboring rhombomeres and that BMP-4 reduces the opath at a right angle; these cells then deviated both “up-
stream” and “downstream” in the R4 path.
Copyright © 1999 by Academic Press. All rightDISCUSSION
Relationship between the pattern of neural crest cell
emigration and cell death. We reinvestigated the role of
cell death in R3 and R5 as a mechanism for generating
ail embryo rhombomeres cultured for 1 day in unsupplemented
mesenchymal neural crest cells from R3 is always much less than
owth of all rhombomeres.d qu
th of
utgrzones free of migrating neural crest cells. While the pattern
of neural crest cell outgrowth in the developing hindbrain is
s of reproduction in any form reserved.
79Migration and Death of Hindbrain Neural Crest Cellsinvariant, we have observed the pattern of cell death in the
hindbrain to be highly variable. Most embryos do not show
a clear pattern of cell death that is restricted to or maxi-
mized in R3 and R5. Instead we found a relatively modest
increase centered on the R2/3 border, similar to that de-
scribed by Jeffs et al. (1992).
Relationship between the patterns of cell death, cell
migration, and BMP-4 expression. We describe a BMP-4
staining pattern which coalesces from a single elongate
region, which appears over the presumptive hindbrain prior
to neural tube closure, into two sharp regions of equal
intensity over R3 and R5 by about the 10-somite stage. This
expression pattern correlates with the paraxial zones that
remain neural crest cell-free following emigration of these
cells from the neural tube. However, the pattern of BMP-4
expression does not exactly correlate with the observed
pattern of cell death which, when focused at all, occurs in a
broad pattern centered over the R2/3 border and is not
distinctly elevated over R5.
Relationship between the patterns of cell death, cell
migration, and Msx-2 expression. Msx-2 has been de-
scribed as being involved in cell death pathways (Marazzi et
al., 1997) and has been reported to be upregulated in R3 and
R5 (Graham et al., 1993, 1994). We report that the staining
pattern of Msx-2 is subtly different; this condenses down to
a single major region that straddles the R2/3 border and is
scarcely apparent at R5. Thus expression of Msx-2 is half a
rhombomere out of register with both the neural crest
cell-free zone and the expression of BMP-4 at R3. The
indistinct pattern of cell death around R2/3 described above
is similar to the pattern of Msx-2 mRNA expression,
consistent with these two events being linked. Indeed,
virally mediated upregulation of Msx-2 expression to the
even-numbered rhombomeres of chicken embryos causes
an increase in cell death of neural crest cells prior to
migration (Takahashi et al., 1998).
Relationship between the pattern of BMP-4 expression
and Msx-2 expression. The lack of congruence of BMP-4
(and cell migration) and Msx-2 (and cell death) brings into
question an obligatory relationship between BMP-4 expres-
sion and cell death in the rhombomeres. In the limb bud,
BMP-4, Msx-2, and cell death are not exactly congruent
under experimental conditions (Ros et al., 1997). Cell death
in avian lateral plate mesoderm induced by BMP-4 occurs in
the absence of Msx-2 expression (Schmidt et al., 1998),
indicating that BMP-4 does not have a direct inductive
effect on Msx-2 in this case. Further, exposure of chick
interdigital cells to FGF-2 or -4 reduces cell death without
altering Msx-2 expression (Macias et al., 1996). Thus, while
a relationship between BMP-4 and upregulation of Msx-2
and cell death has been reported, it is important to note that
these are not linked in an obligatory fashion.
The trans-rhombomeric death signal. A trans-rhombo-
mere death signal is thought to induce rhombomere-
specific cell death (Graham et al., 1993). One method
employed in our study to investigate this induction in-
volved isolation of individual rhombomeres and reassocia-
Copyright © 1999 by Academic Press. All righttion in vitro following labeling of rhombomeres with fluo-
rescent dyes to enable R3-derived neural crest cells to be
identified. Graham et al. (1993) employed DiI labeling by
microinjection into one rhombomere in vivo followed by
dissection of rhombomeres in pairs and culturing. We also
investigated cell death in R3 in similar cultured rhom-
bomere pairs, using an inscribed line on the substrate to
orient the two rhombomeres in the explants. Problems in
reestablishing a trans-rhombomere death signal after reas-
sociation in culture could occur in the first method but not
the second. Problems of rhombomere identification could
occur in the second method but not the first. However, in
both methods we have not been able to detect any effect
that would indicate the existence of a trans-rhombomere
death signal active in culture at or after the 9- to 11-somite
stage.
Differential sensitivity of rhombomeres to BMP-4-
induced cell deaths. The existing cell death-based model
for generation of a patterned cranial neural crest cell popu-
FIG. 7. Counts of mesenchymal neural crest cells migrating from
isolated calcein AM-labeled chicken (a) and quail (b) rhombomeres
cultured for 1 day in unsupplemented medium with (black col-
umns 6 SD) or without (open columns 6 SD) BMP-4 (10 ng/ml).
Note that R3 produces fewer cells than do neighboring rhom-
bomeres and that BMP-4 reduces the outgrowth of all rhom-
bomeres.lation requires that local maximum of BMP-4 occurs within
R3 and R5, thereby inducing focal cell death. Superimposed
s of reproduction in any form reserved.
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81Migration and Death of Hindbrain Neural Crest Cellson this spatial localization of a signal molecule, a matching
spatial localization of responsiveness has also been de-
tected, since neural crest cells from R3 and R5 showed
increased sensitivity to the cell death-inducing properties of
BMP-4, but R2 and R4 were largely unaffected (Graham et
l., 1994). We sought to confirm this latter result using R2,
3, and R4 cultured in isolation. We found that the quan-
ity of neural crest cells produced from different rhom-
omeres varied enormously but that R3 inherently pro-
uced very few migrating neural crest cells in culture even
n the absence of BMP-4. In contrast, R4, which initially
ontains a number of cells comparable to that of R3 (2002 vs
846 cells, respectively), produced four to five times as
any neural crest cells as R3. Despite these differences, all
hombomeres tested were equally affected by the addition
f BMP-4 to the culture medium. However, an important
aveat of these experiments is that the effects of BMP-4
ere clear only in completely unsupplemented medium,
nd under these conditions cell death was raised to non-
hysiological levels even in control cultures.
The nature of BMP-49s effect was complex. As well as a
ecrease in neural crest cell output and an increase in cell
eath, we observed a less flattened shape for the migratory
ells and concomitant increase in the number of nonadher-
nt live and dead cells in the culture medium. This suggests
hat the role of BMP-4, at least in this culture system, may
ot be to (only) induce cell death but to encourage reduction
f cell adhesion to the dorsal neural tube and to the
bronectin substrate. Cells newly released from the neural
ube are faced with a choice of adhesion to fibronectin and
urvival or death. This is consistent with the observation
hat disruption of an epithelial cell’s interaction with
xtracellular matrix induces cell death (Meredith et al.,
1993; Frisch and Francis, 1994). Cell death at the dorsal
neural tube prior to migration is a common event at all
levels of the neural tube which may occur because a
proportion of all neural crest cells are unable to access
migration-supporting substrates. We suggest (see below)
that access to such substrates may be diminished near the
R2/3 level, exacerbating cell death.
In light of the foregoing observations and experiments,
focal cell death would therefore seem unlikely to be the
FIG. 8. Fluorescence micrographs of grafts of quail R4 into chick
neural crest and QCPN (green) labeling for quail cells. (a) Dorsal
outgrowth of labeled cells only in the R4 stream. g, graft. (b). Later
an outgrowth of labeled cells which mainly joined the R2 stream
the area adjacent to R3 (arrow). Asterisk marks a part of the graft p
adjacent to R3 (right). The outgrowth split into two streams that avo
the other stream moved rostrally along the neural tube until it reac
(left) is of a control quail of the same somite number, to demonstr
cells. Numbers indicate positions of rhombomeres. (d) Lateral confo
cells from this graft followed the R6 stream ventrocaudally (lower
and rostrally to meet the R4 stream (left). These cells then spread both
to R5 was avoided (arrow), and the R3 area was not populated. g, graft;
Copyright © 1999 by Academic Press. All rightrimary mechanism behind the creation of patterned neural
rest cell-free zones adjacent to the rhombencephalon at R3
nd R5.
Differential ability of paraxial tissue to support neural
rest cell migration. Previous studies have shown that
ranial neural crest cells from R3 and R5 do not leave the
eveloping hindbrain on a pathway perpendicular to the
xis of the neural tube but rather deviate both rostrally and
audally to exit the neural tube at the borders between odd-
nd even-numbered rhombomeres (Sechrist et al., 1993;
irgbauer et al., 1995; Kulesa and Fraser, 1998). However,
his does not explain why neural crest cells do not subse-
uently migrate into the regions adjacent to R3 and R5.
his occurs in the trunk level following neural crest abla-
ion (Yntema and Hammond, 1947), where adjacent neural
rest cells rapidly fill in gaps of more than 3 somite’s length
i.e., .0.5 mm), four times wider than the R3 neural
rest-free zone. We therefore sought to determine if there
ere regions in the paraxial tissue adjacent to R3 and R5
hat could direct the migration of cranial neural crest cells,
s occurs in the somites at trunk levels (Rickmann et al.;
985; Bronner-Fraser, 1986; Krull et al., 1997). Using the
hick/quail chimera system, supernumerary R2 and R4
rafted adjacent to host rhombomeres, and therefore inde-
endent of any cell death control mechanism normally in
lace in those rhombomeres, produced a patterned out-
rowth of neural crest cells that always avoided the regions
djacent to R3 and R5. This suggests the existence of a
ell-defined exclusion zone and since there are no apparent
hysical barriers to migration, the nature of the exclusion
one is most probably migration-inhibiting molecules po-
itioned in a precise fashion adjacent to R3 and R5. The
osition of these grafts places the outgrowth of neural crest
ells outside of the neural tube and therefore the outgrowth
atterning is in addition to effects provided by restricted
oints of exit (Sechrist et al., 1993; Birgbauer et al., 1995).
Thus, the patterned migration in these grafts could only be
the result of factors which are independent of any pattern-
ing influence of the segmented neural tube itself. This
indicates the existence of precise exclusion zones that
extend ventrally from the region immediately adjacent to
the neural tube and as far as the branchial arches. We
yo hosts after 6–8 h growth, fixation, and HNK-1 (red) labeling for
of quail R4 grafted next to R3, R4, and R5, which produced an
focal view of quail R4 grafted next to R2 and R3, which produced
ith a few cells in the R4 stream (arrowheads), but which avoided
ting from the host. ot, otocyst. (c) Dorsal view of quail R4 grafted
the region adjacent to R3. One stream joined the R4 outflow while
he R2 outflow before fanning out. In this case the HNK-1 staining
he similar lateral outgrowth pattern of host and graft neural crest
iew of quail R4 grafted next to the otocyst, level with R5. Labeled
), while other cells moved around the ventral border of the otocystembr
view
al con
and w
rojec
ided
hed t
ate t
cal v
right
dorsally and ventrally in the R4 pathway. The region ventrolateral
ot, otocyst (white dotted outline).
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82 Farlie et al.suggest that the outgrowth pattern is therefore the sum of
(i) intraneural signals at R3 and R5, the purpose of which is
to inhibit lateral exit from the neural tube at precise
locations, and (ii) extraneural signals at the same levels that
function to exclude neural crest cells and thereby maintain
a paraxial exclusion zone.
Origins of the paraxial neural crest cell exclusion zones.
The exclusion zones detected in our grafting assays corre-
late spatially with the levels of rhombomeres R3 and R5.
Moreover, grafting of a fragment of R3 into R6 induces a
small neural crest-free zone adjacent to the graft (Kuratani
and Eichele, 1993). It is stated that these grafts contain no
neighboring tissue, even epidermis. Since neighboring crest
cells do not immediately “fill in” adjacent to the graft, we
suggest that R3 induces an exclusion zone in neighboring
tissues. This could be direct, by exporting repulsive mol-
ecules, or indirect, by inducing neighboring cells to synthe-
size such molecules. An obvious candidate for a
rhombomere-derived inducer is BMP-4. It is overexpressed
at the correct axial level and molecules of the TGF-b
superfamily (including BMPs) stimulate extracellular ma-
trix production, including molecules known to inhibit
neural crest cell migration such as tenascin (Vollmer et al.,
1997; Zhao and Young, 1995) and chondroitin sulfate pro-
teoglycan (Hakkinen et al., 1996; Heredia et al., 1996).
The role of the paraxial neural crest cell exclusion zone.
The demonstration of the existence of an exclusion zone
which creates a patterned neural crest cell outgrowth in the
developing cranial region raises the question of why this
level of organization is necessary in a system which already
possesses a high degree of spatial organization. The demon-
stration that the cranial neural crest has positional identity
prior to migration (Noden, 1983) and the observation that
neural crest cells from different rhombomeres that populate
a single branchial arch do not mix (Smith et al., 1997)
suggest that there is sufficient positional information pro-
grammed into the neural crest cell population or its envi-
ronment to enable correct exclusive patterning domains
without spillover even in the absence of physical separa-
tion. It is possible that the exclusion zone may form a
barrier to impose positional information onto other cells
that do not possess it already. An attractive example of this
could be the innervation of the hindbrain by the cranial
ganglia. Cranial ganglion V (trigeminal) innervates the
hindbrain at R2, and ganglia VII (facial) and VIII (acoustic)
innervate the hindbrain at R4 with no axonal crossover
between R2 and R4. Mice homozygous for a targeted
mutation of the ErbB4 neuregulin receptor have abundant
double innervation of R2 and R4 from both cranial ganglia.
In this context ErbB4/neuregulin signaling was hypoth-
esized to act as a barrier system to inhibit axons from a
given ganglion finding their way into the incorrect rhom-
bomere. Such a system could also present a barrier to
migration of cranial neural crest cells which, slightly ear-
lier, follow an opposite path from axons emanating from the
cranial ganglia, since neural crest cells often use similar
cues to axons to direct migration (Rickmann et al., 1985;
F
Copyright © 1999 by Academic Press. All rightang and Anderson, 1997). In such a situation, the pattern-
ng of the neural crest outgrowth would be drastically
ffected by the presence of a migration-signaling system
hile not necessarily requiring its presence to carry out a
ormal program of initial migration.
Conclusion. The patterned cranial neural crest cell mi-
ration in part results from restricted exit positions from
he neural tube (Sechrist et al., 1993; Birgbauer et al., 1995).
However, the precise form of the paraneural zones without
neural crest cells results from positional cues read from the
environment encountered by the cells, rather than from
focal programmed cell death prior to emigration from the
neural tube. Those crest cells that exit the neural tube are
directed around specific sharply defined regions by an as yet
undetermined inhibitory molecule(s) whose expression do-
main is recognized as neural crest cell-free zones adjacent to
R3 and R5. The variable but elevated cell death around the
R2/3 border may occur partly as a result of the restricted
access to adhesion/migration substrates near this level,
relative to adjacent regions.
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